This work theoretically studies the temperature rise behavior in laser-irradiated layered tissue, which was stratified into skin, fat, and muscle. Taking the effect of microstructural interaction into account, a modified non-Fourier equation of bioheat transfer was developed based on the nonlinear form of the dual-phase-lag model. The broad beam irradiation method was adopted to calculate the laser energy deposition in tissues. The nonlinear high order partial differential equation and the complicated boundary conditions at the interface between two adjacent layers cause some mathematical difficulties. It is not easy to deal with such a problem. Therefore, a hybrid numerical scheme has been proposed to solve the present problem. The comparison between the linear and nonlinear effects of phase lag times on bioheat transfer has been made.
Introduction
From the viewpoint of the thermal treatment, if well controlled, the high-intensity pulsed heating can produce accurate and appropriate heating amount. The entire treatment time can be shortened, and the treatment quality will be enhanced. This characteristic is particularly important to the bulky objects. Therefore, in the last decade, the applications of pulse heating in the skin treatment are booming, and a revolutionary impact is on the skin beauty. For example, in the past surgical excision, dermabrasion and other methods were used to remove tattoos, which can be easily removed with a laser. In addition, a variety of skin vascular lesions, pigmented birthmarks, moles, spots, scars, even hair, and wrinkles are removed with a laser.
The Pennes bioheat transfer model is commonly used to simulate thermal behavior in biological bodies due to simplicity and validity. The Pennes bioheat equation describes the thermal behavior based on the classical Fourier's law which depicts an infinitely fast propagation of thermal signal. In reality, the living tissues are highly nonhomogenous and need a relaxation time to accumulate enough energy to transfer to the nearest element. As a result, to solve the paradox which occurred in the Pennes model, the thermal wave model of bioheat transfer was proposed for the investigation of physical mechanisms and the behaviors in thermal wave propagation in living tissues [1] .
The properties of hyperbolic diffusion in bioheat transfer have attracted the relevant researchers' attention. Liu [2] andÖzen et al. [3] , respectively, studied the thermal wave propagation bioheat transfer in homogenous and multilayer tissues. Shih et al. [4] explored the impact of thermal wave characteristics on thermal dose distribution during thermal therapy. However, in order to consider the effect of microstructural interactions in the fast transient process of heat transport, a phase lag for temperature gradient absent in the thermal wave model was introduced [5] . The corresponding model is called the dual-phase-lag (DPL) model. Antaki [6] used the DPL model to interpret heat conduction in processed meat that was interpreted with the thermal wave model. Antaki [6] estimated the phase lag time of heat flux to be 14-16 s and the phase lag time of temperature gradient to be 0.043-0.056 s for processed meat. Xu et al. [7] presented a system discussion on the application of the DPL 2 Advances in Mechanical Engineering model in the biothermomechanical behavior of skin tissue. A more rational prediction of temperature distribution is always needed in the development of hyperthermia.
For more realistic predictions, this work would employ the DPL model of bioheat transfer to analyze the thermal behavior in tissue, which was stratified into skin, fat, and muscle. The DPL equation of bioheat transfer was always developed with the first-order Taylor series expansion of DPL model. For a more general form, this paper develops a modified DPL equation of bioheat transfer based on the second-order Taylor expansion. For convenience of statement, this paper calls the former first-order DPL equation and another second-order DPL equation. The second-order DPL equation is a fourth-order partial differential equation. Due to the difference in physiological and thermal properties, the boundary conditions at the interface between two adjacent layers become complicated. There are mathematical difficulties in dealing with such a problem. The hybrid numerical scheme [8] based on the Laplace transform and the modified discretization technique is extended to solve the present problem. The deviations of the results from the bioheat transfer equations based on Pennes' model, thermal wave model, and dual-phase-lag model are presented and discussed.
Problem Formulation
In order to solve the paradox which occurred in the classical heat flux model and to consider the effect of microstructural interactions, the DPL model was suggested [5] with
where is the temperature, is the heat conductivity, is the heat flux, and is the time. and can be interpreted as phase lags arising from "thermal inertia" and "microstructural interaction, " respectively [6] . means the phase lag of the heat flux and means the phase lag of the temperature gradient. The heat flux precedes the temperature gradient for < . The temperature gradient precedes the heat flux for > . Equation (1) reduces to the thermal wave model by setting = 0 and reduces to Fourier's heat equation by setting = .
Equation (1) is, usually, developed in the first-order Taylor series expansion. As [7] did, this paper would develop (1) in the second-order Taylor series expansion for a more general form. Thus, it is rewritten as
In a local energy balance, the energy conservation equation of bioheat transfer is described as
where is time. , , and denote density, specific heat, and temperature of tissue. and are, respectively, the specific heat and perfusion rate of blood. is the metabolic heat generation and is the heat source for spatial heating. is the arterial temperature.
Substituting (2) into the energy conservation equation (3) leads to the second-order DPL equation of bioheat transfer with constant physiological parameters as follows: Consider a broad laser beam with uniform irradiance ( in ) is applied normally to the human body at time = 0 + . When the spot size of the broad laser beam is much larger than the thickness of the thermally affected zone for the time period of interest, a 1D model would be sufficient for analyzing the thermal response of the heated medium [9, 10] . The tissue of the human body was often described as a threelayer model [10] . Figure 1 shows a one-dimensional analytical human body model that consists of skin, fat, and muscle.
The 1D form of (4) with constant thermal parameters is written as
When laser irradiation is highly absorbed in the tissue as for some UV and IR wavelengths, scattering may be neglected. In this situation, the laser light can be absorbed within a very small depth from the irradiated boundary surface, laser heating can be reasonably considered as a boundary surface heat flux, and the terms involving in (4) and (5) are neglected. Laser heating serves as a spatially varied body heat source that heats up the tissue for scattering. Under broad beam irradiance, the light distribution in scattering tissues is described with two exponentials as [11] 
where the coefficients 1 , 1 , 2 , and 2 depend on the diffuse reflectance and can be obtained from the Monte Carlo solutions. is the effective optical penetration depth, which is defined based on the diffusion theory as
where is the absorption coefficient and is the scattering coefficient. The reduced scattering coefficient is introduced as = (1 − ), in which is the anisotropy factor.
This study will treat the body tissue in two ways: highly absorbing tissue and strongly scattering tissue. The forced surface cooling is prosecuted in heating process. For circulation effect of blood, the temperature deep in tissue is often regarded to keep at the core temperature. For highly absorbing tissue, the boundary conditions at the ends for > 0 are described as
where ℎ is the heat convection coefficient between the cooling medium and the skin surface, is the temperature of the cooling medium, and the location = 3 is defined as the body core.
is the diffuse reflectance of light at the irradiated surface. For strongly scattering tissue, the boundary condition at = 0 becomes (0, ) = ℎ ( − ) (9) and the laser volumetric heat source is described as
This study assumes the laser irradiance in is deposited as shown in Figure 2 .
The boundary conditions at the interfaces of two adjacent layers are obtained from the assumption that temperature and heat flux are continuous.
The initial conditions are regarded as
Analytical Method
First, the Laplace transform method is employed to map the transient problem into steady one. Equation (5) and the boundary conditions can be written in the transform domain based on the initial conditions (11) as 22 − 2̃= − for = 1, 2, 3,
and at the interfaces of two adjacent layers 
(14)
The function is written as̃in the Laplace domain. is the Laplace transform parameter with respect to . A modified discretization scheme is applied to numerically solve the present problem. Please refer to [8] for the details of the present numerical scheme.
Results and Discussion
The optical and thermal physical properties used to perform all present computations in the present paper are shown in Tables 1 and 2, respectively. The relaxation times and the arterial blood temperature are specified as = 15.5 s, = 10 s, and = 37 ∘ C. The incident laser irradiance is considered as 0 = 2 W/cm 2 . For highly absorbing tissues, the diffuse reflectance of light at the irradiated surface is 0.05 [9] . Figure 3 shows the variations of temperature predicted with various equations for ℎ = 0 and ℎ = 150 W/m 2 s at the irradiated surface of the highly absorbing tissue. It is found that the thermal response is almost simultaneous for various equations during heating period. In the thermal wave model, the effect of = 15.5 s induced the higher temperature at the early times. And then, the reflection of thermal wave created at the interfaces between two adjacent layers makes several subthermal waves appear as shown in Figure 3 . Correspondingly, in the other models, the effects of thermal diffusion make the temperatures lower and depress the reflection phenomenon happening at the interfaces. As ℎ = 150 W/m 2 s, the temperatures are reduced for the surface cooling function.
The comparison of temperature variation at the interface of fat and muscle ( = 6 mm) in highly absorbing tissue and strongly scattering tissue is offered in Figure 4 . It is found that the starting times of thermal response are almost simultaneous for various heat conduction models in the strongly scattering tissue, as shown in Figure 4(b) , although the Pennes equation depicts an infinitely fast propagation of thermal signal. Because the heating source was regarded as the volumetric heat source, the distance from the heating source to the thermal response location is zero. As a result, no thermal transport delay is created. However, in the highly absorbing tissue, the heating source is the surface heat flux. Due to the difference in the velocity of thermal transport, the starting times of thermal response are obviously different at the location = 6 mm for various heat conduction models, as shown in Figure 4 = 6mm is shown in Figure 5 . The problem would become a nonlinear problem as ℎ ̸ = 0. Solving this problem becomes more difficult. It is observed from Figure 4 Advances in Mechanical Engineering ℎ = 150 W/m 2 s for such laser heating. In other words, the quality of treatment can be controlled using surface cooling. Figure 6 shows the temperature distribution in the strongly scattering tissue at = 25 s. Two vertical lines are used to show the position of the layer interfaces. From Table 1 , it is known that the absorption coefficient of muscle is higher, so the muscle layer is able to efficiently absorb the laser energy. As a result, in the muscle layer, the affected region is larger, and the temperatures are also higher. Because the non-Fourier effect has been weakened at = 25 s, the temperature distributions are nearly coincident.
Conclusions
This study treats the body tissue in two ways: highly absorbing tissue and strongly scattering tissue. The comparisons of the results from the bioheat transfer equations based on Pennes' model, thermal wave model, and dual-phase-lag model were done. It is found that the starting times of thermal response are almost simultaneous for various heat conduction models in the strongly scattering tissue, although the Pennes equation depicts an infinitely fast propagation of thermal signal. Because the heating source was regarded as the volumetric heat source, the distance from the heating source to the thermal response location is zero. As a result, no thermal transport delay is created. However, in the highly absorbing tissue, the heating source is the surface heat flux. Due to the difference in the velocity of thermal transport, the starting times of thermal response would be different at the location inner medium for various heat conduction models. The higher temperature is induced in the thermal wave model at the early times for the effect of . The comparison between the predicted results with the first-order and second-order DPL equations further depicts that the effect of microstructural interactions is obvious only in a short time period. The convection cooling function of skin surface can work for such continued pulse heating.
